Introduction
Inhibitory interneurons play a crucial role in controlling the activity of the cortical network. They determine the tuning of excitatory neurons by suppressing their activity via the release of the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) (Burkhalter 2008; Isaacson and Scanziani 2011) . In the primary visual cortex, inhibitory interneurons contribute to orientation selectivity (Li et al. 2012 ) and surround suppression (Adesnik et al. 2012 ). There are many types of interneurons and also various schemes for classifying them (Burkhalter 2008) . One important classification scheme relies on the differential expression pattern of calcium-binding proteins (CBPs) such as parvalbumin (PV), calbindin (CB) and calretinin (CR). In macaque primary visual cortex (V1), these three proteins identify largely disjoint populations (Van Brederode et al. 1990; Condé et al. 1994; DeFelipe 1997; Zaitsev et al. 2005; Disney and Aoki 2008) and together cover about 95% of the inhibitory population (DeFelipe et al. 1999; Disney and Aoki 2008) . PV is present in chandelier and basket cells, CB in neurogliaform and Martinotti cells, and CR in double bouquet cells (Condé et al. 1994) . These cell types exhibit specific distributions across the layers (Lund 1987; Lund et al. 1988; Lund and Yoshioka 1991; Lund and Wu 1997) . Accordingly, the expression of CBPs reveals a clear laminar profile (Figure 3 .1).
Glutamate receptors mediate the excitatory input of inhibitory interneurons. We focused on AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole-propionate) receptors (AMPARs), which are the predominant and fast-acting class of glutamate receptors. Four AMPAR-subunits have been characterized, GluA1 through GluA4, which are expressed by excitatory and inhibitory neurons in macaque V1 (Carder and Hendry 1994; Carder 1997) . The subunit composition of individual AMPA receptors determines their permeability for sodium, potassium, and calcium ions. Only a subset of all possible GluA1 through GluA4 combinations are expressed (Wenthold 1996) and of these, AMPARs containing the GluA2 subunit are impermeable for Ca 2+ (Lerma et al. 1994) . Furthermore, different AMPAR subunits play distinct roles in synaptic plasticity ). Only few pharmacological compounds discriminate between the subunits (Strømgaard et al. 2005) , which impedes electrophysiological approaches to assess their contribution to the excitatory drive of GABA-ergic cells. Previous studies used immunohistochemistry and electron microscopy to demonstrate that the GluA2 subunit is expressed by GABA-ergic neurons (He et al. 2001) , but not by interneurons expressing CB or CR (Ryoo et al. 2003) . However, a systematic study of all AMPAR-subunits expressed by the different classes of interneurons has been lacking.
We therefore used immunohistochemistry and confocal microscopy to visualize CBPs and AMPAR subunits in macaque V1, capitalizing on a new quantitative image analysis method to measure co-localization (Wouterlood et al. 2008; Beliën and Wouterlood 2012) .
We report that PV-IR cells express high concentrations of the GluA2 and GluA3 subunits, whereas CB-IR and CR-IR cells express high concentrations of the GluA1 and GluA4 subunits. These results imply that the AMPARs of fast-spiking, PV-IR, cells are largely impermeable to Ca 2+ . In contrast, the AMPARs of CB/CR-IR cells cause a stronger influx of Ca 2+ . Furthermore, our results suggest that drugs that are selective for GluA2-lacking AMPARs can be used to specifically target CB-IR and CR-IR cells in vivo.
Materials and Methods

Fixation and sectioning
We used samples from 2 adult male macaque monkey (Macaca mulatta) brains, monkeys A and R. The animals were euthanized and perfused transcardially, first with phosphate-buffered 4% formaldehyde solution, followed by buffered 5% sucrose, both with pH 7.6, at room temperature. After extraction, the brains were placed successively in 12.5% and 25% buffered sucrose solutions, at 4°C, until equilibrium, to prevent subsequent cryo-damage. They were subsequently grossly sectioned; from each brain two blocks were extracted from the right occipital lobe, posterior to the lunate sulcus, to allow later cryostat sectioning. The brains were then shock-frozen and stored at -80°C. Several weeks later, we cut occipital lobe blocks into 20µm-thick sagittal sections on a sliding freezing microtome. We stored the sections for a few weeks at -20°C in 50% glycerol in buffer. We subsequently stained them free-floating.
We performed systematic random sampling of the successive sections by arranging them from medial to lateral and dividing them into four groups with an equal number of sections. For each co-localization condition, we generated a random number smaller than the group size, and selected the corresponding serial sections from all four groups to ensure that every condition covered the same medial to lateral extent of V1.
Immunohistochemistry
We stained for 12 different combinations of antibodies: against the 4 AMPAR subunits co-stained with three antibodies against three CBPs (PV, CB & CR). Every combination was repeated on the 4 sections (selected as explained above) per monkey (A & R). We thus analysed a total of 96 sections, 48 per monkey.
We removed the sucrose and glycerol protection with four rinses in 100mM phosphate buffered saline at pH 7.6 (PBS), and blocked unspecific reactivity with donkey serum in PBS (Jackson ImmunoResearch, INC 017-000-121 | 2:100) with NaN3 (SigmaAldrich® 26628-22-8 | 1:10,000) and Triton™X-100 (Sigma-Aldrich® | 1:1000) for 2 hours at room temperature. We subsequently incubated the sections overnight with normal donkey serum (5:100), NaN3 and Triton™X-100 and the primary antibodies. We used antibody 235 (SWANT® | 1:2000) to recognize PV-IR cells, CB 38 (SWANT® | 1:2000) for CB-IR cells, and AB5054 (Merck Millipore: Chemicon | 1:2000) for CR-IR cells (Morrow et al. 2007; Mascagni et al. 2009; Tricoire et al. 2011) . For the AMPAR subunits we used AB1504 (Merck Millipore: Chemicon | 1:100) for GluA1 (Wenthold 1996; Betarbet and Greenamyre 1999) , MAB397 (Merck Millipore: Chemicon | 1:100) for GluA2 Deng et al. 2010) , MAB5416 (Merck Millipore: Chemicon | 1:100) for GluA3 (Montgomery et al. 2009 ), and 06-308 (Merck Millipore: Upstate | 1:100) for GluA4 (Martin et al. 1993; Carder 1997) . All primary antibodies used were raised against amino acid sequences preserved between mouse, macaque and human (The UniProt Consortium 2010), and have been previously tested for specificity in mouse and have also been used in macaque studies (as cited above). The following day we incubated the sections with their corresponding fluorescent secondary antibodies for 1h at 36°C. When the two primary antibodies were raised in the same host, the procedure involved two separate overnight incubations with the primary antibodies at room temperature, with the first incubation followed by a daytime incubation with an untagged F(ab I )2 fragment IgG (H+L) antibody (Jackson ImmunoResearch, INC 315-006-003, 111-006-003 | 1:100) against the shared host for 1h at 36°C, so that the targets of the fluorescent secondary antibodies became different (see Table 1 To control for unspecific staining, we repeated the entire procedure but omitted the primary antibodies and found no fluorescent staining. To control for cross-species reactivity we tested primary antibodies raised in different species in all conditions and found the same immuno-staining patterns as the ones included in the study. These other primary antibodies were excluded from the study due to lack of documented monkey reactivity, despite being raised against similar amino acid sequences. To test the efficiency of the untagged F(ab I )2 in separating the signal of the same-host primary antibodies, we carried out the staining procedures including the F(ab I )2 incubation, and then stained with a fluorescent antibody against the host of the primary antibody; we found no fluorescent signal. The efficiency of this procedure can be seen, for example, in the lack of overlap between the CB and the CR stain (both rabbit primary antibodies) in Figure 3 .1. To validate the specificity of the antibodies, we carried out adsorption controls, pre-incubating the primary antibodies overnight at 4°C with the corresponding control peptide (Table 3 .1), at 10:1 peptide to antibody molar concentration, before performing the procedure described above, and did not observe fluorescent staining.
Imaging and image processing
In every section, we confocally scanned five z-stack samples from the same cortical column corresponding to layers I, II/III, IV, V and VI, as identified by relative cortical depth and cell morphologies (Van Brederode et al. 1990; DeFelipe 1997; DeFelipe et al. 1999; Disney and Aoki 2008) , (see Figure 3 .1 for CBP expression across the layers). We acquired z-stacks consisting of 10 successive equidistant images in the z dimension, with two channels, red corresponding to CBPs, and green to AMPARs. We used a Zeiss© CLSM 510 and the 63x immersion objective (NA 1.5) with 1.5x digital zoom, at 512 x 512 resolution and 8-bit image depth. We configured the two channels as follows: an AlexaFluor 488 'green' channel (488nm laser excitation, 500-550nm emission filtering) and an AlexaFluor 555 'red' channel (543 nm laser excitation, 565-655nm emission filtering). These settings allowed appropriate sampling and de-convolution of the objects of interest. All multi-fluorescence scanning was done in sequential, 'frame-by-frame' mode. Because of the high co-localization previously documented, e.g. between CB and GluA3 (Moga et al. 2003) , we took precautions to rule out emission ('green' emission in the 'red' channel) and excitation bleed-through ('red' emission in the 'green' channel). To eliminate the possibility of emission bleed-through, we used band-filtering and sequential scanning (Beliën and Wouterlood 2012) . To exclude the possibility of excitation bleed-through signals (in the 'green' channel), we included single-stained sections before and after each scanning session and tuned the laser and detector settings so that there was no signal in the inappropriate channel. We used these laser and detector settings consistently in all our image acquisition sessions.
In a few stacks, we discarded images of layer I because there were superficial tears in the tissue, which had been caused by the removal of the brain from the skull, but we included rest of the column in the data analysis.
We de-convolved the image stacks using the Huygens Professional™ software (Scientific Volume Imaging, Hilversum, the Netherlands). This processing step uses the intrinsic point-spread function (PSF) of the optic equipment to reliably reconstruct the original image, thereby improving the estimation of the size and relative position of imaged objects (Wouterlood 2005; Wouterlood et al. 2008; Boulland et al. 2009 ). The PSF is proportional to emission wavelength and is therefore different between the two confocal channels.
We used a recently established automated method that is based on 3D object-recognition in image stacks, which results in an objective and highly reproducible estimation of the thresholds necessary for 3D objectreconstruction that correlates well with manual, subjective procedures (Wouterlood et al. 2008; Beliën and Wouterlood 2012) . In order to calculate the probability of expression of receptors, we first split every image into 3D-objects, where each 3D-object consist of a number of connected voxels (0.19μm x 0.19μm x 0.2μm) above a variable luminance threshold. We automatically counted the number of 3D-objects as a function of a luminance threshold, using the ImageJ software together with the "3D object counter" plug-in (Bolte and Cordelières 2006) . We excluded objects smaller than 100 connected voxels for the CBP stains and 10 connected voxels for the AMPARs stains, from the count, to suppress image noise. The number of remaining objects counted in this manner is a unimodal function of the threshold (Figure 3.2C) . Low thresholds detect a few irregular, but large 3D objects (I in Figure 3 .2C), whereas high thresholds result in sparse, small objects with high luminance (III), (Wouterlood et al. 2008; Beliën and Wouterlood 2012) . The threshold that maximizes the count (II in Figure 3 .2C) is an intermediate value, and the resulting objects tend to have an intermediate size and their centres of mass are internal to the objects. We carried out this threshold determination independently for the two channels in each z-stack image of the different co-staining conditions (Wouterlood et al. 2008; Beliën and Wouterlood 2012) . The distribution of object sizes is bimodal (Figure  3.2D) . The larger objects represent cell bodies and the smaller objects represent the neuropil. We exploited this size difference to separately analyse the degree of expression of AMPAR subunits on CBP-IR cell bodies and neuropil.
We used scripts processed by the SCIL-Image software (TNO Delft, the Netherlands) to calculate the number of the objects in each channel overlapping with objects in the other channel in every stack, taking into consideration their size, the coordinates of their centres of mass, and the number of overlapping voxels (Wouterlood et al. 2008; Beliën and Wouterlood 2012) .
To characterize the receptor expression patterns of the various cell types, we calculated the fraction of 3-dimensional CBP objects (which included both cell bodies and neuropil) overlapping with 3-dimensional GluA objects. 
The quantity P(GluA|CBP) is the probability that an object positive for a given CPB expresses a given GluA. The quantitative results obtained with P(GluA|CPB) were always in accordance with our qualitative assessment of co-localization when inspecting the images visually. . C. The number of individual, unconnected objects (larger than 100 voxels) in the red (PV) channel, as a function of luminance threshold. I. A low threshold results in the detection of a few contorted objects. II. The optimal threshold leads to the detection of many well-defined objects surrounded by empty space. III. A high threshold results in the detection of a few small objects. D. Distribution of object-sizes of all objects exceeding the size threshold (100 voxels) in the red (PV) channel. Note the logarithmic x-axis and the bimodal distribution with a small second peak of very large objects, which correspond to the cell bodies.
Results
The distribution of cell bodies positive for PV, CB and CR across the cortical layers was similar to that found in previous studies in macaque V1 (Disney and Aoki 2008) (Figures 3.1 and 3.3.1-3). We found that cell bodies were positive for maximally a single CBP, as has been described previously (Van Brederode et al. 1990; Condé et al. 1994; DeFelipe 1997; Zaitsev et al. 2005; Disney and Aoki 2008) . Interneurons that are positive for CPBs have specific morphologies (Van Brederode et al. 1990; Condé et al. 1994; Disney and Aoki 2008) and the laminar distribution of CBP immunoreactive cell bodies observed by us was also in accordance with the laminar position of these morphologies described in previous work (Jones 1984; Kisvárday et al. 1986; Lund 1987; Lund et al. 1988; Lund and Yoshioka 1991; Lund and Wu 1997) . We found that interneurons express all AMPAR subunits. CBPs co-localized with one out of two distinct AMPA subunit profiles: high GluA2 and GluA3 expression (with low GluA1 & GluA4 expression) for PV-IR cells, or high GluA1 and GluA4 expression (with low GluA2 & GluA3 expression) for CB-IR and CR-IR cells. The expression pattern of the AMPA subunits on inhibitory interneurons is similar across the layers (see e.g. Figure 3 .3 illustrating the co-expression of GluA2 with the three CBPs).
Parvalbumin-immunoreactive cells
PV-IR cell bodies were located in all layers, with distinctive bands of higher cell densities in layers II/III, IVc and VI (Figures 3.1, 3 .3.1), as is expected for chandelier cells and basket cells, known to express PV (Van Brederode et al. 1990; Condé et al. 1994; Burkhalter 2008; Disney and Aoki 2008) . We investigated the expression of AMPAR (GluA1 through GluA4) subunits by PV-IR cells (Figure 3 .4). Our analysis was based on 157 out of 160 (2 monkeys x 4 receptors x 4 sagittal locations x 5 layer locations) stacks, and 3 stacks with damage to layer I were removed (see Methods). We first examined whether there were differences in the density (proportion of voxels above the threshold) of the PV stain between the different co-localization conditions (GluA1 through GluA4), but found that PV density was similar (one-way ANOVA, F3, 153 = 1.322, p > 0.25), so that normalizations were unnecessary. We observed a remarkable specificity in the co-localization of PV with GluA1 through GluA4. PV-IR cells exhibited strong expression of GluA2 and GluA3 (note the many yellow objects in There are different co-expression patterns of GluA2 with the three classes of inhibitory interneurons: high co-localization for PV (yellow double-stained cells present in all layers), and low for CB and CR.
In our main analysis we included neuropil and cell bodies as PV-expressing "objects". Across all layers, the probability P(GluA2|PV) that a PV positive object expressed GluA2, was on average 0.91 (N = 39) and the mean P(GluA3|PV) was 0.93 (N = 39) (Figure 3 .5). In contrast, the probability of expression was much lower for the other AMPAR subunits with an average P(GluA1|PV) of 0.12 (N = 40) and P(GluA4|PV) of 0.19 (N = 39). To test the significance of these differences in co-localization, we performed a two-way ANOVA, with layer and GluA subunit as factors. We observed a significant main effect of GluA subunit (F3, 137 = 755.331, p < 0.001). A post-hoc analysis revealed no significant difference between the high GluA2 and GluA3 expression levels (Bonferroni-corrected t-test, p > 0.9). However, the differences between the high values of P(GluA2|PV) and P(GluA3|PV), on the one hand, and lower values of P(GluA1|PV) and P(GluA4|PV), on the other, were all significant (all four Bonferroni-corrected t-tests, p < 0.001). Moreover, P(GluA1|PV) was significantly lower than P(GluA4|PV) (Bonferroni-corrected t-test, p < 0.05). The ANOVA did not reveal a main effect of layer (F4, 137 = 2.386, p > 0.05) and there was also no significant interaction between the layer and AMPAR subunit (F12,137 = 1.076, p > 0.3) (Figure 3 .5B). Furthermore, the expression of the AMPAR subunits by PV-IR cells was similar in the two monkeys (Figure 3 .5A, left insets). The patterns of expression were similar when we analysed the neuropil (i.e. the smaller objects, which formed the majority) expressing PV separately (Figure 3 .5A, right upper inset). However, the specificity of the expression patterns became virtually absolute when we only included cell bodies (i.e. the few larger objects) in our analysis (Figure 3 .5A, right lower inset). These results demonstrate that PV-IR cells strongly express the GluA2 and GluA3 AMPAR subunits and have a much lower expression of GluA1 and GluA4 subunits, which are almost lacking from cell-bodies. This expression pattern is homogenous across all layers of macaque V1. 
Calbindin-immunoreactive cells
CB-IR positive cell bodies were mostly located in layers II/III, and IV (Figures 3.1, 3 .3.2). We focused our analysis on the CB-intense population which is inhibitory (Van Brederode et al. 1990; Disney and Aoki 2008) and the morphologies of these cells resembled Martinotti and neurogliaform cells, as previously described (Jones 1984; Van Brederode et al. 1990; Condé et al. 1994; Burkhalter 2008) . We also observed a weak band of neurons that exhibited a low level of CB expression in the intermediate layers. These cells are thought to be excitatory (Van Brederode et al. 1990) , and accordingly they did express the GluA2 subunit (Wenthold 1996; Leuschner and Hoch 1999; Ayalon and SternBach 2001; . However, these excitatory neurons did not reach the threshold of 100 connected voxels for the detection of CBP positive objects (see Methods) due to their low level of CB expression and they did not contribute to the measured degree colocalization (Figure 3.3.2) . There is strong co-localization (yellow) between CB on the one hand and GluA1 and GluA4 on the other. There is little overlap between CB and GluA2 or GluA3. Grayscale insets depict the individual channels.
We examined the density of the CB-IR staining across the co-staining conditions with the four GluA subunits (Figure 3 .6) but did not observe significant differences between stains (one-way ANOVA, (F3, 155 = 0.161, p > 0.9) so that normalization was unnecessary. We performed the same analysis steps as described above for the PV-IR cells for 159 image stacks. A two-factor ANOVA (GluA x layer) revealed a significant main effect of GluA subunit on expression (F3, 139 = 174.617, p < 0.001), a significant main effect of layer (F4, 139 = 3.272, p < 0.05) and a significant interaction between these factors (F12, 139 = 2.434, p < 0.01) (Figure 3 .7A). The GluA main effect was driven by an increased expression of GluA1 and GluA4 by CB-IR cells, compared to GluA2 and GluA3. The mean P(GluA1|CB) was 0.80 (N = 39) and the mean P(GluA4|CB) was 0.71 (N = 40), whereas P(GluA2|CB), (N = 40) and P(GluA3|CB), (N = 40), equalled 0.13 and 0.14, respectively. We neither observed significant differences between the degrees of expression of GluA1 and GluA4 nor between GluA2 and GluA3 receptor subunits (Bonferroni-corrected t-tests, both ps > 0.2). However, the pair-wise comparisons between the more strongly and more weakly expressed subunits were all highly significant (GluA1 or GluA4 vs. GluA2 or GluA3; all ps < 0.001). We confirmed these results when analysing the data of the two monkeys separately (Figure 3 .7A, left insets). The degree of expression in the neuropil was similar to that when we pooled across objects of all sizes. However, the specificity of the expression pattern was virtually absolute when we analysed the cell bodies ( Figure  3 .7A, right insets). The main effect of layer on the probability of expression and the interaction with GluA was mainly driven by a lower expression of the GluA1 subunit in layer IV. There was a significant difference in expression of the GluA1 subunit between layers II/III and IV (t-test with Bonferroni correction, p < 0.05), and a trend in the same direction when comparing layer IV to V (p = 0.053) (Figure 3 .7B).
Thus, the GluA subunit expression pattern for CB-IR cells is opposite to that of PV-IR cells. CB-IR cells strongly express GluA1, and GluA4, but have a lower expression of GluA2 and GluA3 in the neuropil, and GluA2 and GluA3 are virtually absent from cell bodies. The laminar pattern of GluA expression was not entirely homogenous, with a slightly lower expression of GluA1 in layer IV. 
Calretinin-immunoreactive cells
CR positive cell bodies were mainly located in layers II/III (Figures 3.1,  3 .3.3), but their processes extended throughout the entire cortical column. The morphology of the CR-IR cells was compatible with the morphology that was previously described for double bouquet cells (Condé et al. 1994; Burkhalter 2008 ). The cell-staining density was similar across the AMPA subunit co-staining conditions (F3, 155 = 0.80, p > 0.9). Figure 3.8 illustrates the co-localization between CR and the four AMPAR-subunits. We observed that CR-IR cells strongly expressed GluA1 and GluA4, while expression of GluA2 and GluA3 was weaker. We again used a two-way ANOVA to assess the reliability of these effects across 159 slices (Figure 3 .9).
We observed a significant main effect of GluA subunit (F3,139 = 295.954, p < 0.001). The expression of GluA1 on CR-IR cells was strong (average P(GluA1|CR) = 0.9, N = 39), expression of GluA4 was slightly weaker (P(GluA4|CR) = 0.57, N = 39) and much weaker for GluA2 and GluA3 (P(GluA2|CR) = 0.17 and P(GluA3|CR) = 0.17). The difference in CR expression of GluA1 and GluA4 was significant (p < 0.001), and the differences between GluA1 and GluA4 on the one hand and GluA2 and GluA3 on the other were all significant (p < 0.001) too. We did not observe a significant main effect of layer (F4, 139 = 0.630, p > 0.6) and also no GluA x layer interaction (F12,139 = 0.734, p > 0.7). Again, the results also held up when analysing the data of the two monkeys separately ( Figure  3 .9A, left insets). Furthermore, the co-localization between AMPARs and CR in the neuropil was similar to that when we pooled across objects of all sizes, whereas the specificity of co-localization was much more pronounced when we analysed the cell bodies separately, with very low levels of expression of the GluA2 and GluA3 subunits (Figure 3 .9A, right insets). Thus, the expression pattern of GluA subunits for CR-IR cells was similar to that of CB-IR cells. CR-IR cells are likely to express GluA1 and GluA4, but less likely to express GluA2 and GluA3. The AMPAR subunit expression pattern was similar across the cortical layers, which is presumably caused by a relatively homogenous cell population with cell bodies in layer 2/3 and processes spanning the entire cortical depth (Figures 3.1, 3.3.3) .
Discussion
Recent studies have started to reveal different functions of the various classes of interneurons (Isaacson and Scanziani, 2011; Adesnik et al. 2012 ).
There are a number of classification schemes for inhibitory interneurons (Burkhalter 2008) , and in macaque visual cortex they can be distinguished on the basis of CBPs, which divide them into non-overlapping populations (Condé et al. 1994; Disney and Aoki 2008) . PV-IR cells are chandelier and basket cells, CB-IR cells are Martinotti and neurogliaform cells, and CR-IRs cells are predominantly double bouquet cells (Condé et al. 1994 ).
The present data reveal a remarkably specific AMPAR-subunit expression in these inhibitory interneuron classes in area V1. PV-neurons express high levels of the GluA2 and GluA3 subunits and low levels of the GluA1 and GluA4 subunits. The GluA-expression of CR and CB cells is reversed, with high concentrations of GluA1 and GluA4, combined with low levels of GluA2 and GluA3.
It is of interest to compare our results to a previous study (He et al., 2001) showing that about 90% of GABA-ergic cells in layers II/III express the GluA2 subunit. We found that GluA2 expression is particularly high in PV-IR cells, but in layers II/III these PV-cells are accompanied by a substantial fraction of CB-and CR-IR cells with a low expression of the GluA2 subunit. Differences in methodology (anti-GABA antibody sensitivity) and quantification procedures may have caused this discrepancy.
Furthermore, Hull et al. (2009) demonstrated that thalamo-cortical input to PV-IR cells in mouse barrel cortex activates GluA2-lacking AMPARs. We do not know whether this difference between results is specific to the thalamo-cortical projections or caused by a difference between mouse and monkey. At the same time, the low concentration of GluA2 in CB and CR-IR cells observed by us is in accordance with a study in the visual cortex the hamster (Ryoo et al. 2003) where GluA2-positive cells were found to be virtually devoid of CB and CR.
An important topic for future studies will be to systematically compare the expression of AMPAR subunits across species. The same holds true for the comparison between brain structures such as cortex and hippocampus (Chang et al. 2010) .
At the same time, our findings go beyond earlier studies by characterizing the expression profile of all AMPAR subunits in PV, CB, and CR positive cells, in the macaque monkey. The present results demonstrate, for the first time, that the AMPAR subunit expression divides the inhibitory interneurons in V1 into two categories, which are congruent with the CBP classification scheme and also with classification methods based on the neurons' firing behaviour (Zaitsev et al. 2005) . PV-IR cells that show high expression of GluA2 and GluA3 are fast-spiking interneurons, whereas CB-IR and CR-IR cells with high expression of GluA1 and GluA4 are intermediately spiking cells ( Table 2 ). The AMPAR subunit composition may influence the synaptic calcium influx and may also have pharmacological implications, as discussed below.
Methodological issues
There are a number of possible methodological concerns. A basic premise is the specificity of antibodies and the absence of cross-reactivity. Our choice of primary antibodies was based on previous published data (Methods) and their specificity is supported by the excellent match with previous descriptions of the laminar profile and morphology of the three inhibitory cell classes (Condé et al. 1994; Disney and Aoki 2008) . We conducted control experiments to rule out cross-reactivity between primary and secondary antibodies (Methods). Furthermore, we found that the cell density of the CBP stains was similar irrespective of the AMPAR subunit stain. Finally, the triple stain for 3 CBPs that used the same F(ab I )2 procedure resulted in a clear separation between the 3 cell-classes ( Figure  3 .1), as predicted by previous work (Condé et al. 1994; Disney and Aoki 2008) . In addition, we used a new objective quantitative method to measure co-localization that permits the measurement of the probability that an object positive for one of the CBPs is also positive for one of the GluA-subunits (Wouterlood et al. 2008; Beliën and Wouterlood 2012) .
Importantly, the results of the quantitative analysis were always in accordance with visual inspection of the data (Figures 3.4, 3.6, 3.8) .
Subunit composition and dimerization
The AMPAR consists of four subunits, either all identical, or two pairs of different types. In other words, they form either homomeric or heteromeric tetramers (Dingledine et al. 1999; Leuschner and Hoch 1999; Ayalon and Stern-Bach 2001) . Only a subset of all possible GluA subunit combinations is present in vivo (Wenthold 1996; Greger et al. 2002) . Configurations of AMPARs with the GluA1/2 and GluA2/3 dimers have been studied extensively because they are abundant in excitatory cells (Wenthold 1996; Leuschner and Hoch 1999; Ayalon and Stern-Bach 2001; ). Our data demonstrate that inhibitory interneurons express AMPAR subunits in different combinations than do excitatory cells, because the interneurons either preferentially express GluA2 and GluA3, or GluA1 and GluA4. Although immunohistochemistry does not measure the precise subunit composition of AMPARs, our results combined with previous findings suggest that the expression of GluA2 and GluA3 is in the form of dimeric GluA2/3 receptors. Homomeric tetramers of GluA2 (Greger et al. 2002; or GluA3 (Wenthold 1996) , have not been reported in vivo. Furthermore, we found that the expression probability of GluA2 expression was similar to the probability of GluA3 expression for each CBP analysed.
In contrast, GluA1 (Lerma et al. 1994; Wenthold 1996) , and GluA4 (Zhu et al. 2000) occur as homomeric tetramers in vivo whereas GluA1/4 has only been reported in vitro (Leuschner and Hoch 1999) . In accordance with these findings, we found that the expression probabilities of GluA1 and GluA4 subunits varied independently across inhibitory cell types, with more GluA4 than GluA1 in PV-IR neurons, more GluA1 than GluA4 in CR-IR neurons and similar expression levels in CB-IR neurons.
Synaptic calcium influx
AMPARs composed of different subunit combinations exhibit distinct ionic conductances (Monyer et al. 2000; Boehm and Malinow 2005; Kim et al. 2006; Swanson et al. 2007; . AMPARs containing the GluA2 subunit, which are abundant on PV-IR interneurons, are impermeable for Ca 2+ (Lerma et al. 1994; Dingledine et al. 1999 ). Thus, PV-IR interneurons in area V1 that express GluA2 and GluA3 (most likely as GluA2/3 dimers) presumably have limited calcium inflow through their AMPA receptors. Ca 2+ -permeable receptors have been demonstrated in PV-IR cells of the rat using electrophysiology (Aponte et al. 2008) , which fits with our finding that GluA1 and GluA4 are not completely absent from PV cells. Yet, the Ca 2+ influx into other inhibitory cell types, CB-IR and CR-IR, is higher (Helmchen et al. 1996; Koester and Sakmann 2000, Lee et al. 2000; Kaiser et al. 2001; Aponte et al. 2008 ), a finding that can be explained by the higher concentrations of Ca 2+ -permeable AMPARs composed of GluA1 and GluA4. The high concentration of Ca 2+ -impermeable AMPARs in PV-IR cells may also contribute to their relatively weak signal in calcium imaging experiments (Hofer et al. 2011 ).
Pharmacology
The absence of drugs that target individual AMPAR subunits has hampered studies that aim to disentangle their potentially different functions in vivo. Polyamine toxins, which can be isolated from spiders and wasps, are an exception in this respect because they do block non-NMDA ionotropic receptors in a partially selective manner. Recent pharmacological developments have improved the specificity of polyamines synthetically so that they become selective for AMPARs that lack GluA2 (Koike et al. 1997; Strømgaard et al. 2005; Hull et al. 2009) . The present results demonstrate that, in macaque V1, these GluA2-lacking AMPARs are primarily expressed by CB-IR and CR-IR cells. Future studies might use these polyamines to selectively block CB-IR and CR-IR cells in vivo, without affecting PV-IR cells expressing GluA2/3 or excitatory neurons that express GluA1/2 and GluA2/3, to investigate the role of these cells in regulating cortical activity (DeFelipe 1997; DeFelipe et al. 1999; Adesnik et al. 2012) .
Differences between cortical layers
The co-expression pattern of CPBs and AMPAR-subunits was relatively homogenous across the cortical layers. CB-IR cells are the one exception to this homogeneity, expressing high levels of GluA1 and GluA4 in all layers, but somewhat lower levels in layer IV. The CB-IR cells in layer IV of V1 are primarily neurogliaform cells (Jones 1984; Nieuwenhuys et al. 2007 ). The presence of neurogliaform cells in layer IV is characteristic of primate V1 (Kisvárday et al. 1986 (Kisvárday et al. , 1990 ) and somatosensory cortex (Nieuwenhuys et al. 2007) , where a segregated band of CB-IR cell bodies can be visualized in layer IVb (Van Brederode et al. 1990; Pinheiro Botelho et al. 2006) . These cells are absent in other cortical areas such as prefrontal cortex (Condé et al. 1994) . We therefore hypothesize that the weaker expression of GluA1 and GluA4 in layer IV is related to the presence of CB-IR neurogliaform cells that may differ slightly from the other CB-IR cell types. Table 2 summarizes the present results and their relation to previous work. We conclude that there are two complementary populations of inhibitory interneurons, which match the division identified by Zaitsev et al. (2005) , based on firing behaviour. PV-IR neurons mainly express GluA2/3 and are fast spiking cells, whereas CB-IR and CR-IR neurons predominantly express GluA1 and GluA4 and are intermediate spiking. Future studies may take advantage of the new possibilities to target CB-IR and CR-IR cells pharmacologically, to further elucidate their role in cortical processing.
Conclusion
